diffraction mode to map out the scale and relative angle between the deflector system and the detector coordinate system. To ensure the diffraction pattern is centered, the image shift deflectors are employed (IS1 and IS2 in a JEOL TEM). Because the diffraction patterns in both focused and defocused conditions need to be taken care of, calibrations for the image shift deflectors are done in both focused and defocused conditions, thus resulting in four additional calibration steps. The calibration methods follow the protocol suggested in a previous paper on SerialED (Smeets, Zou et al., 2018) , where 25 points of deflector change (in a 5 by 5 grid) and the corresponding images were recorded. The affine transformation matrix describing the relation between the deflector values and pixel coordinates is defined as:
where the scales s x and s y , and the rotation angle θ are obtained from a least-squares fitting between the deflector values (X and Y) and the corresponding pixel shifts in x and y direction as observed using cross correlation with a diffraction pattern taken at the central position. In total, five 2 by 2 matrices, 1 (IS1 in focused condition), 2 (IS2 in focused condition), 1 (IS1 in defocused condition), 2 (IS2 in defocused condition), and (CLA1 in focused condition), are obtained and used during the tracking procedure. Beam shift calibration ( ) in real space (i.e. MAG1 mode in a JEOL TEM at 2500) should also be performed.
The stage is calibrated to perform basic centering of interesting particles. The same optimization method is followed by taking a 5 by 5 grid of stage position change under the desired magnification (i.e. 2500), and using cross correlation to map the pixel coordinates to the corresponding stage translations ( ).
S1.3. Crystal screening and detection
For crystal screening and detection, we have adapted the algorithms developed previously (Smeets, Zou et al., 2018) . In a SerialED experiment, the sample stage is translated in a raster over a large area (typically several hundreds of micrometres), and at each position of the stage, an image is taken at a low magnification (typically 2500). Crystals are then detected using a local threshold filter, and only isolated crystals are selected. Crystals that are within 1.2 µm from another crystal are discarded, and a centering step is introduced for crystals within 1.2 µm from the edge of the image frame (see Figure 1 & S1). Crystals at the edges are not ideal to work with, because it is unknown what is outside the frame. Therefore, the crystals are first brought to the center of the of the image by stage translation (via ). This also serves to minimize the adjustments to the beam position using the deflectors to stabilize the diffraction patterns.
S1.4. Automatic Z height adjustment
Setting the correct height of the crystal, as defined by Z, minimizes the movement of the crystal during rotation. To automate the height adjustment, an empirical feedback method is used, based on the assumption that the height is already reasonably close to the best value (i.e. up to 10 μm away).
This assumption is usually valid in a sense that the operator performs the routine TEM alignment before starting the automated experiment. Empirically, at the correct Z height, the crystal position (as defined by its pixel coordinates, x and y) should be invariant of the tilt angle. There are a few ways of adjusting the height automatically. We tried the method described in a previous paper (Koster et al., 1992) , but it did not work as perfectly as expected. This is because the method requires calculating the displacement of the image over a certain rotation angle (i.e. 10°). Since we set a global rotation speed (0.86°/s) before the experiment and this cannot be changed during the experiment, the whole Z height adjustment process takes very long time since at least 5 points (thus 5 times 10° rotation) need to be sampled. With the existence of backlash in z direction, the accuracy of the outcome is also not satisfactory.
Instead, the software sends a command for the goniometer to tilt to a certain degree (a rotation range of 15° is typically used). Every 2 degrees, an image is recorded and compared to the previous image by calculating the difference in positions of the same particle in both images. From how much the position has changed, a decision of Z height change of 1 μm is made. Z height is adjusted in the way that the movement of the particle is minimized. We are able to achieve similar accuracy for the eucentric height, while the process is much less time-consuming. The height adjustment is made periodically (typically every 10 steps during raster scan) and contributes to improvement of the overall rotation ranges.
S1.5. Crystal rotation and data collection
Stage rotation is also controlled through software. Once a crystal has been identified and centered, the beam is focused on a crystal (with the pre-defined probe size), and the TEM is switched to diffraction mode. When the rotation is initiated, data collection starts with a delay of 0.1 s to avoid any existing backlash and goniometer acceleration in the tilting direction. Backlash may introduce inaccurate readout of the rotation angle, as well as a sudden crystal movement at the very beginning of rotation.
Diffraction data are collected typically with an exposure time of 0.5 s. As described in a previous paper (Cichocka et al., 2018) , the diffraction patterns are defocused at regular intervals (defined as a defocusing frequency f defocus , typically every 10 th frame), and an image is taken with a short exposure (typically 0.01 s) to check the crystal position.
Automatic rotation is realized by making use of a tool (Goniotool on a JEOL microscope) that allows us to override the stepping frequency of the motors in the goniometer. In its default state, through the API, the goniometer always rotates at its full speed (~12°/s) to the targeted angle. By reducing the stepping frequency from 12 kHz to 1 kHz (the lowest allowed value), rotation speed can be reduced to 0.86°/s, which is quite suitable for cRED data collection. Slower rotation also decelerates the crystal movement during rotation, which provides certain tolerance for tracking the crystal.
Because the rotation can only operate at a set speed, we take a pragmatic approach to always initiate stage rotation from the current tilt angle ( Figure S5 ). If the current angle is negative, the target tilt angle is set to 70°, whereas if the rotation is positive, the target angle is set to -70°. Rotation can be interrupted at any time through the JEOLCOM API. This happens when the deflectors hit their limits, or if the crystal moves out of the electron beam.
S1.6. Automatic crystal tracking
The crystal tracking is an essential function for collecting rotation data with high tilt ranges. The defocusing method gives the possibility of chasing the crystal dynamically and tracking the crystal by shifting the electron beam via the beam shift deflectors ( Figure S2 ). The use of the stage position to track the crystal is not preferred for two reasons. First, mechanical backlash makes it difficult to achieve precise positioning of the stage, especially with frequent translations in the sub-micrometer range, and second, mechanical movement is quite slow. We have tested the piezo-stage to control the stage position, and although it is much more precise, it is even slower and the translation is limited to ± 200 nm. In comparison, repositioning the beam via the deflector system is very precise and almost instantaneous.
First, the pixel coordinates of the crystal and the center of the primary beam should be determined.
The difference vector between the two positions determines the relative change in the beam shift deflectors to reposition the electron beam. This is done in two steps. First, the bounding box of the primary beam is determined (Figure 2a ). The position of the electron beam is then defined as the center of the bounding box. A smaller window (defined as the largest square inside the beam) is used to determine the variance of image contrast (Figure 2b) . A histogram of the pixels within the bounding box is used to define the thresholds for segmentation ( Figure 2c ). A Gaussian filter (using σ = 5) is applied to smooth the binary image. The position of the crystal is then determined as the pixel indices of the most intense pixel (Figure 2d) . The difference vector between the beam center and the crystal position is defined as a pixel shift ( ) and a beam shift ΔBS is applied to compensate for the difference.
Here we did assume that the transformation matrix of beam shift in image mode on the detector is the same as that in defocused diffraction mode, which turned out to be valid as long as the defocus value is correctly chosen during the setup step.
On our microscope, the goniometer system is generally more stable at low tilt angles (i.e. in the range of ± 40°). Therefore, by starting at higher angles that mark the beginning of a rotation experiment, the movement is exaggerated and more frequent tracking of the crystal position may be needed. Part of this can be attributed to the goniometer design, which makes a conical movement during rotation (i.e. the crystal 'swings' around the rotation axis). This prevents eucentric tilting, because the crystal cannot be centered on the rotation axis if it is off the "eucentric height". To get around this, a dynamic tracking algorithm is implemented in the data collection routine. For every focused diffraction pattern, the scale of an image (total intensity over the pixels) is calculated using Equation (s3). Two criteria are employed to verify whether the crystal is still in the electron beam. First, the scale S DP (defined as the total intensity) of every (focused) diffraction pattern is evaluated as:
where i and j are the dimensions of the image. If the scale between two subsequent frames changes by more than a threshold value (i.e.
( ) (0) < 0.85, where n is the frame number), this is an indication of the crystal moving out of the beam. In an attempt to prevent this, the defocus frequency is increased to 2, to more frequently apply deflector shifts to track the crystal back with the beam (so-called "robust tracking"). A second criterion is defined as the variance of the defocused diffraction pattern:
where ̅ is the average intensity value over the squared image in Figure 2b . Similarly, robust tracking feature is activated when 
S1.7. Descan
Whenever a beam shift ΔBS (ΔBS x , ΔBS y ) is applied, the centers of both the focused and defocused diffraction patterns are also shifted. From the calibration we know that the effect of beam shift on the
diffraction pattern pixel shift would be • . The effect on the defocused diffraction pattern pixel shift (ΔDD = (ΔDD x , ΔDD y )) is calculated on-the-fly every time when applying defocus, which is the difference of the pixel positions of the two beam centers in the defocused images in Figure 2a .
A combination of the image shift deflectors (ΔIS1 = (ΔIS1 x , ΔIS1 y ) and ΔIS2 = (ΔIS2 x , ΔIS2 y )) are used to ensure the position of the primary beam is stable, which is an assumption made for data processing in XDS and DIALS. 
Figure S1
Flowcharts for the multi-crystal data acquisition. (a) Automatic crystal finding in a serial manner. If a suitable, isolated crystal is found, the function for cRED data collection is activated. (b)
Automated cRED data collection procedure. Steps performed in focused diffraction condition are shown in purple, while those in defocused condition are shown in green. In the focused condition, the image scale (S DP ) is checked, and in the defocused condition, the image variance (σ2 defocus ) is checked.
If the change (see Eq. s3 & s4) in either parameter is larger than the threshold value, robust tracking (abbreviated as RT in the figure) is activated by setting the defocus frequency to 2. Th1, th2, and th3 are the three threshold numbers set for deciding whether the crystal has moved (partially) out of the electron beam. Typical numbers used are: th1 = 0.15, th2 = 0.5 and th3 = 0.8. 
Figure S3
Reflection-based clustering for PCN-416 experiment. The magenta cluster, consisting of 12 single data sets, possessed the best data statistics in terms of data completeness and / value, and thus was used for structure determination and refinement.
